Abstract The Norway lobster Nephrops norvegicus is the most important commercial crustacean species in Europe. Recent decline in wild captures and a reduction in total abundance and size at first maturation indicate that the species is overexploited. Increasing knowledge of its reproduction, specifically at the molecular level will be mandatory to improving fisheries management. The current study investigated differences between immature and mature N. norvegicus females using Next Generation Sequencing technology applied to multiple tissues. Ovarian maturation-related differential expression patterns were observed for 4362 transcripts in ovary, hepatopancreas, eyestalk, brain, and thoracic ganglia in N. norvegicus. Transcripts detected in the study include vitellogenin, crustacean hyperglycaemic hormone, retinoid X receptor, heat shock protein 90 and proteins encoding lipid and carbohydrate metabolizing enzymes. From the study, data were collected that can prove valuable in developing more comprehensive knowledge of the reproductive system in this lobster species during the ovarian maturation process. Additional studies will be required, however, to identify potential novel genes and to develop a molecular toolkit for crustacean species that can be applied to improving sustainable future production.
Introduction
The Norway lobster Nephrops norvegicus (Linnaeus, 1758) (Crustacea: Decapoda: Pleocyemata) has a wide distribution in European waters, including the continental shelf and slope (4-754 m) in the Northeast Atlantic Ocean as far south as the Canary Islands and Mediterranean Sea (Johnson et al., 2013) . This constitutes one of the most important fisheries in European waters while being the most valuable harvested crustacean in the region. This species is closely monitored by the International Council for the Exploration of the Sea (ICES) under the Working Group on Nephrops Surveys (http://www.ices.dk/community/ groups/Pages/WGNEPS.aspx). Reproduction takes place either biannually (Iceland) or annually (Mediterranean Sea). During this period, females carry eggs on their abdomen after fertilization from sperm deposited previously by a male during copulation. Sperm is stored in the female's thelycum until spawning takes place (Sardà, 1995) . In the Catalan region (Western Mediterranean Sea), oocyte maturation commences in spring, a single spawning event occurs in summer and females carry eggs on their abdomen until eggs hatch in the following early spring (Rotllant et al., 2005) . Prior to this, ovaries remain immature while females carry eggs. A steady decline in the N. norvegicus population has been reported in the Catalan region over 20 years (27% decline) even though total trawler activity has diminished 28% and cod-end mesh size has been increased from 36-38 to 40 mm (Sardà, 1998) . Additionally, mean size of Norway lobster individuals has decreased from 4 mm carapace length (CL) in males to 3.6 mm CL in females (a difference of approximately 25%). This corresponds to a reduction of 1-2 years in age of captured individuals. Thus, current exploitation is directed at younger individuals closer to size at first reproduction event and will remove a substantial proportion of the spawning stock. Sardà (1991) determined size at which 50% of individuals reach their first maturity for females at 30-31 mm CL. Ten years later however, a study conducted in the same area resulted in no females being captured in stage II (adult females that have already reproduced at least once but with immature ovaries) and had a CL of more than 24 mm (Rotllant et al., 2005) indicating a clear reduction in size at first maturity (the study did not calculate size at first maturity).
In light of N. norvegicus reproductive biology, a number of studies have been conducted on morphology of the reproductive system (Rotllant et al., 2005 (Rotllant et al., , 2012 and biochemical changes in the ovary (Rosa & Nunes, 2002) . These insights included characterization of vitellogenin activity (Vg; Rotllant et al., 2017) and gonad inhibiting hormone (GIH; Edomi et al., 2002) and other crustacean hyperglycemic hormones (CHH; Mettulio et al., 2004) . In crustaceans, oocyte development includes a series of complex cellular events, and different genes are involved that control developmental stage and storage of proteins for embryogenesis (Subramoniam, 2011) . Recently, genes that have a potent role in reproduction and development have been identified in a number of crustaceans notably in shrimp, prawns, lobsters, crayfishes, and crabs (Wong et al., 2008; Wu & Chu, 2008; Wu et al., 2009; Zeng et al., 2011; Brady et al., 2012 Brady et al., , 2013 Jiang et al., 2014; Wang et al., 2014; Rotllant et al., 2015; Saetan et al., 2016) . As an example, genes that were differentially expressed between immature and mature females have been identified in the ovary of black tiger shrimp Penaeus monodon Fabricius, 1798 (Brady et al., 2013) and banana shrimp Fenneropenaeus merguiensis (de Man, 1888) (Saetan et al., 2016) , hepatopancreas of the shrimp Metapenaeus ensis (De Haan, 1844) (Wong et al., 2008) and the swimming crab Portunus trituberculatus (Miers, 1876) , cephalothorax and eyestalks of P. monodon (Brady et al., 2012) and thoracic ganglia in the mud crab Scylla paramamosain Estampador, 1950 . Notably transcripts that encode vitellogenin (the major egg yolk protein), vitellogenin receptor (VgR), lipid and carbohydrate metabolism related proteins, C-type lectins (CTLs), and hemocyanins have also been identified.
In the current study, we employed RNA-sequencing technology to investigate genes involved in sexual maturation in N. norvegicus. To our knowledge, this is the first study that compares multi-tissue transcriptomes using Next Generation Sequencing (NGS) from immature and mature females in decapods to understand the molecular mechanism controlling ovarian development. Knowledge of mechanisms governing V. Sbragaglia Department of Biology and Ecology of Fishes, LeibnizInstitute of Freshwater Ecology and Inland Fisheries, Müggelseedamm, 310, Berlin, Germany ovarian development processes at the molecular level will be valuable not only to expand the molecular toolkit available for N. norvegicus in the near future, but can also serve as reference information for other related crustacean species.
Materials and methods

Reference transcriptome
The current study used a reference transcriptome generated previously (Rotllant et al., 2017) . RNA-seq statistics are summarized in Tables 1 and 2 . In brief, female N. norvegicus were collected offshore from Barcelona harbor (Spain). In the laboratory, large females (CL = 34.3 ± 2.1 mm; total wet weight = 26.0 ± 5.0 mg) were selected and classified following their maturation stage (Rotllant et al., 2005) as immature [stage II; Gonado-somatic index (GSI) = 1.02 ± 0.17] and mature (stage IV; GSI = 1.91 ± 0.18). No difference in hepato-somatic indexes (HIS) between immature and mature females was identified (HIS = 4.27 ± 0.68). Tissues (ovaries, hepatopancreas, eyestalks, brain, and thoracic ganglia) from these individuals were dissected and conserved in RNAlater (Ambion). Total RNA was then extracted using a TriZOL-based modified protocol (Rotllant et al., 2017) . cDNA libraries were synthetized according to the manufacturer's recommendation and sequencing libraries generated using an Illumina NextSeq 500. A brief summary of the RNA data is reported in Tables 1 and 2 .
Bioinformatics
For downstream analysis, quality-trimmed reads from all immature and mature female tissue samples were mapped back to the previously generated reference transcriptome assembly using Bowtie (Parra et al., 2007) . Reads counting was generated using RSEM (Li & Dewey, 2011) . Fragments per kilobase of transcript per million mapped reads value (FPKM) were recorded. Following this, EdgeR software (Ye et al., 2006) was used to measure false discovery rate of multiple-hypothesis testing. Designated threshold for any genes to be confirmed as significantly different was |log(FC)| [ 2, P value \ 0.001, FDR value \ 0.001. Volcano and MA plots were generated using EdgeR. Heatmaps were illustrated using the analyse_diff_expr.pl script included in Trinity de novo assembler (Grabherr et al., 2011) .Venn diagram illustrating similar differentially expressed genes (DEG) among multiple tissues tested was created using the webserver which is available online at http:// bioinformatics.psb.ugent.be/webtools/Venn/. Based on the highest fold change and previous knowledge on genes related to oocyte maturation in decapods, other crustaceans or arthropods up to 36 genes were identified and further analysis was conducted on them as per below. Protein domains were identified using InterProScan (Jones et al., 2014) and Smart Domain (Letunic et al., 2015) . For illustration purposes, cDNA sequences were converted to amino acids using the Expasy translate tool available online (http://web.expasy.org/ translate/), open reading frames (ORFs) were then chosen accordingly. Schematic diagrams of protein structures were illustrated using the Illustrator for biological sequences (IBS) suite . For phylogenetic tree construction, data mining was done predominantly on the NCBI TSA (Transcriptome Shotgun Assembly) and NR (non-redundant) database. A detailed list of all sequences used in the current analysis can be found in supplementary file S1. In brief, FASTA files were imported into MEGA 7.0 (Kumar et al., 2016) for phylogenetic analysis. Multiple alignment of sequences were conducted using the MUSCLE alignment plugin implemented in MEGA (Edgar, 2004) . For all phylogenetic analyses, a Neighbor-Joining-based approach was conducted with 1000 bootstraps. Evolutionary distances were computed using the JTT matrix-based method (Jones et al., 1992) . Phylogenetic trees were exported as Newick format and imported into iTOL webserver for illustrative purposes (Letunic & Bork, 2016) .
Results
Differential gene expression analysis
Volcano plots as well as MA plots were generated and can be found in supplementary material S2. In summary, differential gene expression analysis resulted in 967(384/583), 939 (328/611), 876 (379/ 497), 861 (477/384), and 719 (323/396) transcripts in the thoracic ganglia (TG), hepatopancreas, ovary, eyestalks, and brain, respectively (illustrated in Fig. 1) . A Venn diagram that illustrates DEG overlap among tissues can be found in supplementary material S3. While a higher number of differentially expressed transcripts were detected between immature and mature females in the TG, the number of transcripts exclusively expressed in a single tissue was higher in the hepatopancreas (710 in hepatopancreas vs. 617 in TG). In total, 1891 up-regulated transcripts (i.e., higher expression in immature females) were observed versus 2471 down-regulated transcripts (i.e., higher expression in mature females). Clusters of transcripts with similar expression patterns were grouped together in the heatmap analysis (illustrated in Fig. 2) . The heatmap showed that there are groups of transcripts that are very highly expressed (either up-or down-regulated) in the hepatopancreas and the ovary, and nearly a 90% of these transcripts could not be annotated. Moreover, clustering analysis revealed that immature female TG was more similar to the immature and mature brain.
Candidate genes that were differentially expressed between immature and mature female N. norvegicus
From the characterized list of all differentially expressed transcripts, we selected 36 transcripts manually based on previous literature as well as from the analyzed GO database expressed in a single or several tissues (Table 3) . When subjected to the homology search in the GenBank database using BLASTP, the deduced amino acid sequence of these transcripts mainly shared high identity with decapods or other crustacean species (Table 4) . Transcripts were annotated in 23 genes. Among these genes, five played roles in oocyte development: vitellogenin (Vg), vitelline membrane outer layer protein 1 (VMOL), sex-determining protein fem-1 (FEM), piwi-like protein 2-like (PIWI), and ccr4-not transcription complex (CCR4). Vitellogenin was highly expressed in both the ovary and brain of immature females when compared with mature females. Molecular phylogenetic tree analysis using amino acid sequence (Fig. 3) showed that Vg in N. norvegicus was most closely related to Homarus americanus H. Milne Edwards, 1837, and secondly to Cherax quadricarinatus (von Martens, 1868), confirming the systematic classification of the species; the three species belong to the infraorder Astacidea and N. norvegicus and H. americanus belong to the family Nephropoidea. At a more distant level, they were related to crab, prawn, and shrimp sequences. Highest expression of PIWI and CCR4 was also observed in the ovaries of immature females. The expression of CCR4 was also higher in the hepatopancreas of immature females but lower in their TG. Higher expression of VMOL transcripts was also detected in mature female ovaries and for FEM transcripts and in the hepatopancreas.
We found two transcripts related to regulation of oocyte maturation, CHH and ecdysone inducible protein 75 (E75). Differential CHH transcript expression was down-regulated in the brain and TG. Molecular characterization of N. norvegicus CHH showed the typical structure of a neuropeptide, including signal peptide (SP), a precursor sequence (CPRP) and putative cleavage sites in the mature peptide (CHH-2) (Fig. 4) . In addition, E75 expression was up-regulated in the hepatopancreas.
In relation to lipid metabolism, we manually curated ten transcripts that were differentially expressed and later annotated to four proteins: apolipoprotein (APO), Niemann-pick c1 or Neverland 10071 P:transmembrane receptor protein serine/threonine kinase signaling pathway; P:regulation of transcription from RNA polymerase II promoter; P:organ development; P:regionalization; P:axis specification; P:embryo development (NVD), retinoid X receptor (RXR), and cytochrome p450 (CYP450). Higher expression of APO was detected in mature females in the brain and TG and NVD in the hepatopancreas. The other two genes showed higher expression in mature females in the hepatopancreas and brain, and for CYP450 also in the TG. Molecular characterization of N. norvegicus RXR showed that it has the typical protein structure, including a zinc finger binding domain and ligand binding domain of nuclear hormone receptors (Fig. 5) .
The phylogenetic tree showed that N. norvegicus RXR was most closely related to H. americanus, and secondly to two crayfish species, C. quadricarinatus and Procambarus clarkii (Girard, 1852), then to crabs and shrimps and showed lowest degree of homology with Daphnia magna (Straus, 1820) and Danio rerio (Hamilton, 1822) (Fig. 6 ).
Regarding carbohydrate metabolism, our curated list included seven transcripts that annotated with chitinase (Chi), a single chitin synthase (CS), and a single maltase (Mal). Higher expression of CS in mature females was observed in eyestalk and Chi in the ovary, eyestalk and TG, while Chi expression was lowest in brain. Maltase was up-regulated in all nervous tissues studied.
In relation to stress proteins, two heat shock proteins (HSP) were detected that were differentially expressed. First, a newly discovered HSP90 was detected and was differentially expressed in immature and mature N. norvegicus females. While this HSP90 did not match with any previously identified crustacean HSP90, it still included an HSP90 domain. We attempted to characterize this protein in a few other crustacean species from the TSA database and successfully retrieved some sequences to build a phylogenetic tree for this newly identified (predicted) protein. Phylogenetic analysis showed that the sequence in N. norvegicus was most closely related to other Astacidea, C. quadricarinatus, and P. clarkii, and secondly to crabs and shrimps (Fig. 7) . Four isoforms of HSP70 were detected in the ovary and the hepatopancreas that were all highly expressed in mature females.
In the ovary, we also detected chromatin modifiers-SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily (SWI/SNF), histone h3 methyltransferase (HMT), and tubulin alpha (TUBA) that were differentially expressed. Two SWI/SNF and HMT transcripts were highly Four additional annotated sequences were found to be differentially expressed between immature and mature females: serine/threonine-protein kinase (STPK), dorsal-ventral patterning protein sog 1 (SOG), elav-like protein 2 (ELAV), and C-type lectins (CTL). Mature promotion factor STPK was highly expressed in eyestalk in mature females. Patterning protein SOG was detected in ovary of immature females and also was highly expressed when compared with mature female. RNA-binding protein ELAV presented two transcripts; one down-regulated in ovary and the other up-regulated in eyestalk. Two transcripts identified as CTL transcripts were defense proteins; one was down-regulated in hepatopancreas while the other was up-regulated in eyestalk.
Discussion
We utilized a multi-tissue transcriptomic library developed previously for N. norvegicus (Rotllant et al., 2017) to identify 4362 differentially expressed annotated transcripts between the early and late stages of ovarian maturation. In a pre-omics era study, eight differentially expressed genes were identified in hepatopancreas of M. ensis during ovarian maturation via differential display reverse transcription-polymerase chain reaction (Wong et al., 2008) . Later, from a suppression subtractive hybridization cDNA library, 124 differentially expressedgenes were isolated, cloned, and annotated in the thoracic ganglion of S. paramamosain . Later, oligonucleotide microarray analysis of cephalothorax, eyestalk, and ovary tissues from wild-caught and captive-reared P. monodon shrimps was used to identify 495 transcripts (213 in cephalothorax, 171 in eyestalk, and 111 in ovary) that showed maturationrelated differential expression patterns (Brady et al., 2012 (Brady et al., , 2013 . Ongoing development of NGS technology has allowed greater resolution analysis to be conducted, resulting in an order of magnitude of more differentially expressed transcripts being detected in the current study. In comparison, two recent studies that used NGS detected fewer DEGs than the number reported here. In the swimming crab P. trituberculatus 382 DEGs were detected in the hepatopancreas during maturation; this included 165 up-regulated and 217 down-regulated genes . In F.merguiensis, analysis of differentially expressed genes in the ovary identified 1025 DEGs, of which 694 were up-regulated and 331 down-regulated (Saetan et al., 2016 ). In the current study, we identified a total of 1891 up-versus 2471 down-regulated transcripts. The number of DEGs was lower in Saetan and Wang' studies because they only compared transcriptomes from a single tissue while in the present study five tissues in N. norvegicus were analyzed. Moreover, in N. norvegicus, the number of DEGs was highest in TG (967), followed by hepatopancreas (939) and then ovary (876). As reviewed in the current volume (Rotllant et al., 2018) , TG is a potential site for synthesis of gonad stimulation factor (GSF) justifying the high DEGs in TG in immature females. Nevertheless, the highest number of genes exclusively expressed in a single tissue was detected in the hepatopancreas (710 in the hepatopancreas versus 617 in the TG; Supplementary material 3).
Vitellogenesis involves production of vitellogenin, a female-specific high-density lipoprotein and a Fig. 7 Molecular phylogenetic analysis of N. norvegicus novel Heat Shock Protein (HSP90) by neighbor-joining method based on the JTT matrix-based model. Thousand bootstrap replicates were used to produce the phylogenetic tree using amino acids sequence of HSP90. Red squares represent clades with bootstrap value larger than 50. N. norvegicus HSP90 neuropeptide are highlighted with red boxes. Cm, C. maenas; Cq, C. quadricarinatus; Es, E. sinensis; Hya, H. azteca; Nn, N. norvegicus; Pc, P. clarkii; Pm, P. monodon; Pt, P. trituberculatus; Pv, P. vannamei Hydrobiologia (2018) 825:137-158 149 precursor to lipo-glycol-caroteno-protein vitellin (the major egg yolk protein). In crustaceans, Vg synthesized in the hepatopancreas is believed to be secreted into the hemolymph, where it is sequestered into developing oocytes by the Vg receptor via receptormediated endocytosis (Subramoniam, 2011) . Recently, Vg was identified in N. norvegicus to be the most highly DEG between males and females with exclusive expression in the female hepatopancreas (Rotllant et al., 2017) . The Vg gene has been identified previously in other decapod species and it is expressed in both hepatopancreas and ovaries in H. americanus (Tiu et al., 2009) , C. quadricarinatus (Abdu et al., 2002) , Penaeus japonicus Spence Bate, 1888 (Tsutsui et al., 2000) , Penaeus vannamei Bonne, 1931 (Tseng et al., 2002; Parnes et al., 2004; Raviv et al., 2006) , Penaeus semisulcatus De Haan, 1844 (Avarre et al., 2003) , M. ensis (Tsang et al. 2003) , P. monodon (Tiu et al., 2006; Brady et al., 2013) , F. merguiensis (Phiriyangkul et al., 2007) , Fenneropenaeus chinensis (Osbeck, 1765) , Pandalus hypsinotus Brandt, 1851 , Pandalopsis japonica Blass, 1914 (Jeon et al., 2010) , Macrobrachium rosenbergii (De Man, 1879) (Jayasankar et al., 2002; Jasmani et al., 2004) , P. trituberculatus (Yang et al., 2005) and Callinectes sapidus Rathbun, 1896 (Thongda et al., 2015) . In the giant freshwater prawn Macrobrachium nipponnensis (De Haan, 1849) however, Vg is synthesized in the hepatopancreas, but not in the ovary or ovarian follicles . In a closely related species, M. rosenbergii in contrast, Vg is expressed in the ovary and hepatopancreas. Significant accumulation of Vg mRNAs was observed in female hepatopancreas only, while mRNA expression was not detected in male hepatopancreas or any other female tissues including the ovary . In N. norvegicus, we observed that Vg was highly expressed in the ovary and brain of immature females but not in the hepatopancreas. Multiple Vg-like genes were detected in the N. norvegicus library (Rotllant et al., 2017) in all studied tissues (ovary, hepatopancreas, eyestalk, brain and thoracic ganglia) as was previously reported for P. monodon (Tiu et al., 2006) and M. ensis (Wong et al., 2008) . In S. paramamosain, Vg was differentially expressed in the TG suggesting that its synthesis during ovarian maturation is important in the nervous system. This result aligns with N. norvegicus where Vg expression in the brain was higher in mature females. While VgR is involved in Vg uptake by oocytes and plays a critical role in egg development as demonstrated in crayfishes (Jiang et al., 2014) and shrimps (Tiu et al., 2008; Klinbunga et al., 2015; Rotllant et al., 2015; Saetan et al., 2016) , in N. norvegicus VgR was not found to be differentially expressed between immature and mature females in any of the studied tissues. In crustaceans, VMO1 proteins are synthesized in the hepatopancreas and are then transported via the hemolymph to developing oocytes. VMO1 plays a major role that precedes Vg expression, possibly suggesting an important role in oogenesis timing (Heckmann et al., 2008) . VMO1 transcripts have also been found in the cephalothorax of P. monodon (Brady et al., 2012) and hepatopancreas of P. trituberculatus and generally showed elevated expression at late vitellogenic stages. This was also observed in the current study in N. norvegicus hepatopancreas. The sex-determining Fem-1 gene family was highly expressed in fertilized eggs, 2-4 cell and blastula stage compared with Eriocheir sinensis (H. Milne Edwards, 1851) larval stages that suggests they could be maternal genes (Song et al., 2015) . These genes were also expressed in an array of other tissues specifically during late gonadal development stages. In N. norvegicus, Fem-1 expression was also higher in ovaries of mature females.
The PIWI family is a large family of RNA-binding proteins involved in gene regulation mediated by 21-30-nucleotide-long small non-coding RNAs that are referred to as PIWI-interacting RNAs (piRNAs). They primarily map as transposons and repeated sequence elements. The PIWI genes are important in gametogenesis, germ cell development, transposon, and transcriptional or post-transcriptional silencing (Malone et al., 2009; Mani et al., 2014) . PIWI genes were identified in gonadal transcriptomes in P. vannamei (Peng et al., 2015) and P. trituberculatus (Xiang et al., 2014) . The PIWI sequence in P. trituberculatus was 58% identical to the one obtained in the current study for N. norvegicus females, where it was highly expressed in immature females suggesting that this gene is necessary for activation of ovarian maturation.
In crustaceans, vitellogenesis is generally understood to be negatively regulated by the gonad inhibiting hormone (GIH) that is produced and released from neurosecretory sites in the eyestalk. The X organ also secretes a variety of neuropeptides in addition to GIH including crustacean hyperglycemic hormone (CHH), molt-inhibiting hormone (MIH), mandibular organinhibiting hormone (MOIH), and chromatophorotropins (Nagaraju, 2011) . These genes are all grouped into the CHH family of neuropeptides. The main function of CHH is not only to regulate hemolymph glucose levels, but they also have other functions including reproduction, molting, lipid metabolism, stress responses, and hydromineral regulation (Webster et al., 2012) . In N. norvegicus, CHH had been identified previously in the eyestalk (Mettulio et al., 2004) and the sequence showed 94% identity with the sequence found in our transcriptome for CHH. CHH in our transcriptome was found to be both highly and differentially expressed in the brain and TG in immature females. Our CHH sequence also showed 94% of identity with that of the closely related species, H. americanus (de Kleijn et al., 1995) . NGS studies have identified CHH precursors in a wide range of decapod crustacean including H. americanus (Christie & Chi, 2015) , M. rosenbergii (Ventura et al., 2014) , C. quadricarinatus (Nguyen et al., 2016) , P. clarkii (Veenstra, 2015) , and S. paramamosain (Bao et al., 2015) . In a later study of H. americanus, two CHH isoforms were identified that showed differential expression during oocyte maturation. The highest CHH-A mRNA levels were observed in the previtellogenic stage, while elevated CHH-B mRNA levels were evident in the vitellogenic stage (de Kleijn et al., 1995) . The CHH in N. norvegicus that was differentially expressed in the brain and TG potentially could be another isoform of the CHH identified first by Mettulio et al. (2004) or the GIH identified by Edomi et al. (2002) . It could also have another function related to induction of oocyte maturation. Molting is inhibited by MIH (a member of the CHH family of neuropeptides) that is synthesized in the eyestalks. MIH suppresses production and secretion of ecdysone by the Y organs. Ecdysteroids can also be synthesized in other tissues including the gonads and hepatopancreas (Nagaraju, 2011) , where they have been implicated in female reproduction (Rotllant & Takac, 1999 ). In the current study, anecdysone inducible protein 75 (E75) was highly expressed in N. norvegicus immature females, suggesting that E75 may have a role in initiation of oocyte maturation. Regardless, E75 was detected in the hepatopancreatic transcriptomes of P. trituberculatus but no DEGs were reported in immature and mature females .
Vitellogenesis involves accumulation of additional proteins apart from vitellogenin/vitellin, as well as carbohydrates, lipids, vitamins, and minerals in oocytes (Subramoniam, 2011) . Lipids that accumulate in crustacean oocytes provide energy required for biosynthetic processes and vitellogenesis [reviewed by Harrison (1990) ]. Their content has been reported to decrease in the hepatopancreas and is transferred to the ovary during maturation (reviewed by Glencross, (2009)) . In N. norvegicus hepatopancreas, three lipid compounds were differentially expressed. CYP450 and RXR were highly expressed in immature females while Neverland was highly expressed in mature females. Neverland is an evolutionary conserved Rieske-domain protein that is essential for ecdysone synthesis and thus influences insect growth while also affecting cholesterol trafficking (Yoshiyama et al., 2006) . RXR is important for ecdysteroid function, and forms a dimer with the ecdysteroid receptor (EcR-RXR) and regulates transcription of target genes via ecdysteroid responsive elements in the DNA (Brown et al., 2009 ). Expression of the two genes in P. monodon showed the highest levels correlated with hatching rate in the hepatopancreas of females (Rotllant et al., 2015) . This supports it being implicated in gonad maturation. N. norvegicus RXR sequences have the zinc finger binding and ligand binding domains of hormone receptors (Fig. 5 ) and share 99% identity with H. americanus RXR (Tiu et al., 2012) and high identity ([ 80%) with RXR from other decapod species (Fig. 6; Chung et al., 1998; Durica et al., 2002; Kim et al., 2005; Asazuma et al., 2007; Nagaraju et al., 2011; Techa & Chung, 2013; Qian et al., 2014; Girish et al., 2015) . To identify CYP450 in N. norvegicus we clustered the two CYPs of interest using a recently published CYPome sequence from spiny rock lobster (https://www.ncbi.nlm.nih.gov/ pubmed/28428023 and Ventura et al., 2014 in this volume) . Results showed that N. norvegicus CYPs cluster between the CYP302A1 group (disembodied) and CYP314A1 (shade) with a high level of confidence (Supplementary material 1) . This suggests that they may play roles in ecdysteroidogenesis. Moreover, the differentially expressed CYP450 sequence in N. norvegicus shared 54% identity with the CYP450 identified in Carcinus maenas (Linnaeus, 1758) (Rewitz et al., 2003) and was also highly expressed in brain and TG. The presence of CYP450 in the nervous systems is correlated with oocyte maturation and was first observed in the TG of S. paramamosain (Wong et al., 2008 ). An apolipoprotein transcript was also found to be differentially expressed in the nervous system of N. norvegicus; this transcript was up-regulated in brain and down-regulated in TG tissue. It showed sequence identity with Astacidea (NCBI) and other decapods (Tsang et al., 2003; Tsutsui et al., 2004 Tsutsui et al., , 2005 Raviv et al., 2006) were low (23 ± 3%) where it had been reported in most of them as a Vg gene. Vg in decapod crustaceans was also reported to show a high sequence similarity with APO (Avarre et al., 2007) .
In all Pleocyemate decapods, including N. norvegicus, apart from their known effect as an energy reserve for oocyte maturation, carbohydrates are required for attaching of the eggs to the female abdomen just after laying the eggs. Pleocyemata decapods are known to contain high levels of N-glycosylation sites on proteoglycans associated with egg brooding (Roth et al., 2010) . In our study, we also found that genes encoding enzymes related to chitin and maltose were differentially expressed. High expression of chitinase synthase in mature females was observed in the eyestalks and chitin in the ovaries, eyestalks, and TG, while Chi expression was lower in the brain. CS showed 86% identity with a CS reported in P. japonica (Uddowla et al., 2015) while Chi showed [ 60% identity with CS in crab species (Fujitani et al., 2014; Li et al., 2015) and shrimp (Watanabe & Kono, 1997; Huang et al., 2010; Proespraiwong et al., 2010; Rocha et al., 2012) . The above-mentioned studies suggest that chitinases may play crucial physiological roles in crustaceans, including digestion of chitin-containing food, molting and defense of decapods against viruses. Insects chitinases also play a role in morphogenesis (Merzendorfer & Zimoch, 2003) . Maltase in N. norvegicus was up-regulated in the nervous systems and showed * 50% sequence identity with Daphnia pulex (Linnaeus, 1758) (NCBI). Whether digestion of carbohydrates, however, is important for oocyte maturation will need further investigation.
Synthesis of Vg in oviparous vertebrates is regulated by the E2-ER-HSP90-Vg pathway, where an estrogen receptor (ER) and HSP90 mediate enhancement of vitellogenin transcription by estrogen or estrogen-like hormones (Fliss et al., 2000) . We detected a HSP90-like transcript in N. norvegicus that translated into a HSP90 domain containing protein but did not hit with any previously documented HSP90. This sequence was BLAST searched against the TSA database to confirm similarity with other decapod species. Phylogenetic analysis showed that the N. norvegicus HSP90 was homologous to the HSP90 in crayfish species (Fig. 7) . Previously, HSP90 had been confirmed to be highly differentially expressed between immature and mature female in M. ensis (Wu & Chu, 2008) and M. nipponense (Zhao et al., 2011) . The role and maturation of this HSP90-like sequence detected in the current study will need more investigation. In the same HSP superfamily, we also identified a differentially expressed HSP70 encoding transcript that shared high identity with some crayfish sequences Ali et al., 2015) and other decapod sequences (Leignel et al., 2007; Mestre et al., 2015) . HPS70 in N. norvegicus was up-regulated in ovary and hepatopancreas in immature females, a pattern previously reported in the ovary and hepatopancreas of M. ensis and the cephalothorax of P. monodon (Brady et al., 2013; Chan et al., 2014) .
At least three processes control assembly and regulation of chromatin: DNA methylation, histone modification, and SWI/SNF. These complexes are crucial for appropriate development in all organisms in which they have been studied (Ho & Crabtree, 2010) . Transcripts identified as SWI/SNF and histone h3 methyltransferase were up-regulated in the ovaries of N. norvegicus and shared * 50% identity with insect sequences. Tubulin is necessary for cytoskeleton synthesis in the ovary as reported in vertebrates (Maurizii et al., 2004) . Two transcripts in N. norvegicus matched a-tubulin sequences. A transcript in N. norvegicus found in TG showed high homology with Tubulin sequences in P. clarkii (95%; Jiang et al., 2015) and Gecarcinus lateralis (Guérin, 1832) (97%; Varadaraj et al., 1997 ) while a sequence found in ovary showed 92% identity with an insect sequence (Monochamus alternatus), where it had been correlated with microtubule formation (Song et al., 2008) . Expression of TUBA in N. norvegicus was upregulated in ovary and down-regulated in TG and was found previously to be differentially expressed in the TG of S. paramamosain . A short-gastrulation gene was identified in the amphipod crustacean Parhyale hawaiensis (Danna, 1853) that is a key factor that mediates development of midline cells during embryogenesis (Vargas-Vila et al., 2010) .
In N. norvegicus, SOG was down-regulated in ovary and up-regulated in hepatopancreas, a pattern that may indicate that it is synthesized in the hepatopancreas following which, during maturation it may be transported to the ovary. The short-gastrulation gene sequence in N. norvegicus shared 46% identity with a sequence in P.hawaiensis (Vargas-Vila et al., 2010) and 34% with Artemia franciscana Kellog, 1906 (NCBI) .
DEG of three additional genes (serine/threonineprotein kinase, ELAV-like protein and C-type lectins) between immature and mature females in N. norvegicus were up-regulated in eyestalk. During ovarian maturation in C. quadricarinatus, changes in ovarian protein kinase C isoenzymes take place in parallel to yolk accumulation (Soroka et al., 2000) and may provide maturation factors. RNA-binding proteins (RBPs) are involved in regulation of fundamental steps in RNA metabolism (e.g., pre-mRNA splicing, polyadenilation, nuclear-cytoplasmic shuttling, stability, and translation) (Bronicki & Jasmin 2013; Doxakis 2014) . In particular, ELAV binds to adenosineuridine-rich elements (AREs) that are present in the 3 0 untranslated region (UTR) of mRNAs that inhibit ARE-mediated RNA decay (Peng et al., 1998) . In addition, they are also reported to be involved in regulation of alternative splicing (Koushika et al., 1996) , 3 0 UTR extension (Hilgers et al., 2012) , and polyadenylation (Zhu et al., 2007; Mansfield & Keene, 2012) . In Eukaryotes, ELAV-like RBP genes are expressed specifically in neurons (Yao et al., 1993; Kim et al., 1996) . In N. norvegicus ELAV, in addition to being up-regulated in eyestalks, was down-regulated in the ovary. An ELAV gene (of three identified previously) was found to also be expressed in ovary as well as the nervous system in Drosophila melanogaster (Meigen, 1830) (Kim & Baker, 1993) suggesting a role in regulation of oocyte maturation.
C-type lectins are a family of calcium-dependent carbohydrate-binding proteins that are believed to play important roles in innate immunity in crustaceans (Huang et al., 2014; Xiu et al., 2015) . In mammal reproductive physiology, CTLs are involved in molecular mechanisms that underlie successful fertilization of embryos, a process via which sperm lectins recognize specific carbohydrates on egg surface glycoproteins. They are involved in pathogen recognition and cellular interactions (Rodeheffer & Shur, 2004) . In the hepatopancreas of N. norvegicus, CTLs were highly expressed in immature females. Higher expression of these genes in hepatopancreas during undeveloped and developing stages in M. ensis (Wong et al., 2008) and M. nipponense (Xiu et al., 2015) suggests that their synthesis may be necessary for oocyte maturation to prevent oocytes contamination by some bacteria types.
Apart from differentially expressed genes during maturation in N. norvegicus, other genes were found to be differentially expressed between early and late maturation stages in P. monodon and P. trituberculatus as crustacean calcium binding protein, insulin-like receptor-like, 5-hydroxytryptamine receptor, ribosomal protein L10a, 1,3-b-D-glucan-binding high-density lipoprotein, high densitylipoprotein/1,3-beta-Dglucan-binding, protein precursor2/3-oxoacyl-CoA thiolase, sterol carrier protein, farnesoic acid Omethyltransferase, PAT-family of lipidstorage droplet-associated proteins, glycerol-3-phosphate transporter, chymotrypsin, triacylglycerol lipase, zinc proteinase Mpc1, metallothionein, thioredoxinperoxidise, shrimp ovarian peritrophin, CP14 a calcified cuticle protein, profilin, ferritin, rhodopsin, opsin, cryptocyanine, kazal-typeproteinase inhibitor, purple acid phosphatase, ATP binding cassette transmembrane transporter, and manganese-superoxide dismutase (Brady et al., 2012 (Brady et al., , 2013 Wang et al., 2014; Saetan et al., 2016) . The reason why some of these genes were not differentially expressed in mature and immature females in N. norvegicus could be because they are species-specific genes; for example shrimp ovarian peritrophin, or may result from trimming and experimental conditions in our study were too severe. Moreover, since decapods are not model species and only two draft decapod genomes are currently publicly available Song et al., 2016) , a high percentage of transcripts remain unannotated, as also reported recently for N. norvegicus (Rotllant et al., 2017) , suggesting that numerous potential novel genes may be present in published transcriptomes. Hence, there is still much to investigate about mechanisms that control and influence ovarian maturation activation and regulation in decapod crustaceans.
Conclusions
The current study compared multi-tissue transcriptomic profiles in Norway lobster between immature Hydrobiologia (2018) 825:137-158 153 and mature females using an RNA-Seq approach. In total, we identified 4362 differentially expressed genes in ten libraries constructed from two wild populations. Differentially expressed genes identified here involved in ovarian maturation were related to oocyte development and regulation, lipid and carbohydrate metabolism, stress proteins and chromatin modifiers. The data collected can assist developing a more comprehensive knowledge of the reproductive system during the ovarian maturation process in this important commercial lobster species. It is important to highlight, however, that further studies will be needed to identify as well as to characterize the roles of a significant number of potentially novel genes in ovarian maturation and female reproductive processes.
